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Abstract 
It is demonstrated by the example of the Xe atom stuffed inside the C60 fullerene, i.e. the 
endohedral Xe@C60, that the so-called confinement resonances in 4d subshell strongly affect the 
photoionization cross-section of outer 5p and subvalent 5s electrons near 4d ionization threshold. 
It is a surprise that these narrow inner 4d shell resonances are not smeared out in the outer 
shell photoionization cross-section. On the contrary; the inner shell resonances affect the outer 
cross-section by enhancing them enormously. 
Close to its own photoionization thresholds, 5p and 5s photoionization cross-sections of 
Xe@C60 are dominated by their own confinement resonances greatly affected by the 
amplification of the incoming radiation intensity due to polarization by it of the C60 electron shell. 
In between 4d and 5p thresholds, the effect of 4d is becoming stronger while own resonances of 
5p and 5s are becoming much less important. 
 
PACS 31.15.vq, 32.80.-t, 32.80.Fb. 
 
1. In this Letter, we demonstrate that a prominent oscillatory structure appears in photoionization 
cross-sections of 5p and 5s electrons of endohedral atom Xe@C60 that presents Xe encapsulated 
inside fullerene C60. This oscillatory structure is located mainly near and above the 4d-electrons 
photoionization threshold and is a consequence of very strong modification of the Xe Giant 
resonance under the action of the so-called confinement resonances in 4d subshell of Xe@C60. 
 Soon after discovery of fullerenes C60 in 1985, it became clear that they could be stuffed by 
almost all atoms A of the Periodic table and even by simple molecules. Noble gas atoms inside 
C60 prefer to be at its center. Endohedrals A@C60 are of interest from both pure scientific and 
application point of view – as a rather complex object with interesting electron structure and as 
vehicles to deliver atoms at a given place in materials and biological objects as well as building 
blocks of new substances (see e.g. review article [1]). 
 A powerful method to investigate these objects is to study their photoionization using 
photoelectron spectroscopy method. This method permits by fixing incoming photon and 
outgoing electron energies to be confident that an electron located at a given subshell of A in 
A@C60 is eliminated and corresponding cross-section is investigated. 
 In a number of papers it was discovered, mainly theoretically, that two major effects govern 
the endohedral photoionization – the reflection of the outgoing electrons by the static field of the 
fullerenes shell [2, 3, 4] and by enhancement of the electromagnetic field at the atom A inside C60 
due to polarization of the fullerenes shell by the incoming photon beam [5]. The collision with 
the fullerenes shell leads to so-called confinement resonances [4, 2, 3] while polarization leads to 
Giant endohedral resonances [6]. 
 The fact that encapsulating of Xe inside C60 qualitatively modifies the Xe Giant resonance, 
transforming its single broad powerful maximum into four-maxima structure, was predicted in [7] 
and recently observed in photoionization of 4d Xe in Xe@C60+[8]. The theoretical results were 
obtained in the frame of two models one of which describes the effect of the fullerene shell as an 
action of a zero-thickness potential and the other takes into account also the dipole polarizability 
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of this shell by the incoming photon beam, The agreement between results in [7] and [8] 
encourages to make the next step and to consider how modification in the 4d Giant resonance of 
Xe under the action of C60 affects the photoionization cross-section of the outer 5p and 5s 
electrons. 
 It was discovered long ago that electron correlations play a decisive role in photoionization 
of isolated atoms. Of particular interest is the observation that atomic Giant resonances strongly 
affect the photoionization cross-section of the outer subshells, leading to formation of so-called 
interference or intershell resonances (see [9] and references therein). It is of interest to see, how 
this phenomenon happens in endohedrals. In fact, the fullerenes shell can be treated as an extra 
multi-electron shell, thus leading to additional intershell resonances. 
 It appeared that the effect is very strong particularly for 5p-electrons where the direct action 
of fullerenes shell at the photon frequencies near and above the 4d Giant resonance is small, 
while for 5s it is less pronounced. It is essential also that 5p cross-section near its threshold is 
strongly affected by the Giant resonance of the C60 itself, while there the role of confinement 
resonances proved to be inessential. 
 The calculations is performed in the frame of the random phase approximation with 
exchange (RPAE) modified in a way that permits to include the static effect of the C60 shell via a 
zero-thickness potential [2] and expresses the dynamic action of C60 upon the caged Xe via 
fullerenes dipole polarizability [5]. The credibility of RPAE is well established while the 
reasonable accuracy of the zero-thickness potential at least in obtaining qualitative predictions is 
confirmed by comparing the calculation [7] and measured [8] data for 4d subshell of Xe@C60. 
2. The photoionization amplitude of an electron from an endohedral atom’s nl subshell ( )ACnlD ω  
in RPAE with account of reflection of photoelectrons by the C60 shell and polarization of the 
latter under the action of the incoming photon beam can be presented as the following product 
[10] 
 
, 1 1 , 1( ) ( ) ( ) ( ).AC Fnl l l nl lD G F k Dε εω ω ω± ± ±=                                             (1) 
 
 Here n is the ionized electron principal quantum number, l is its angular momentum; the 
polarization factor ( )G ω  takes into account the modification of the incoming photon beam by the 
fullerene CN, 1( )lF k±  describes the reflection factor that represent the effect of the fullerenes shell 
CN upon the outgoing photoelectron with the angular momentum 1l ±  and linear momentum k , 
energy 2 / 2kε = 2/, connected to the photon frequency ω  by the relation nlIε ω= − , where nlI  is 
the nl subshell ionization potential. In (1) 
, 1( )Fnl lD ε ω±  is the atomic photoionization amplitude, in 
which the virtual states are modified due to action of the static potential of the fullerenes shell 
upon the virtually excited atomic states. 
 Taking into account that the atom’s A radius AR  is considerably smaller than the fullerenes 
radius CR , a rather simple expression can be obtained for ( )G ω  
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Here ( )Cα ω  is the dipole polarizability of the fullerenes shell. Formula (2) was derived in 
[5] under simplifying assumption that / 1A CR R  . While ( )Cα ω  is difficult to calculate ab-
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initio, it can be easily expressed via experimentally quite well known photoionization cross-
section ( )Cσ ω of the C60 [11] and references therein): 
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Here CI  is the fullerene ionization potential and c is the speed of light. 
Since the cross-section ( )Cσ ω  is absolutely dominated by the fullerenes Giant resonance 
that have a maximum at about 2Ry, ( )G ω  starts to decreases rapidly at 2Ryω > reaching its 
asymptotic value equal to 1 at about 5Ry. This factor, connecting the atomic and fullerenes 
photoionization cross-section, is able to alter the endohedral cross-section as compared to pure 
atomic one. 
To obtain the reflection factor 1( )lF k± , we substitute the fullerenes shell action by a static 
zero-thickness potential [2] 
  
0( ) ( )W r W r Rδ= − − .                                                 (4) 
 
The parameter 0W  is defined from the condition that the binding energy of extra electron in 
negative ion −60C  is equal to the experimentally observed value. The factor )(kFl′  is determined 
by the expression [2, 3, 10]: 
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where ( )l kδ∆  is the addition to the photoelectron elastic scattering phase of the partial wave l 
due to action of the potential (4), )(rukl  is the regular and )(rvkl irregular at point 0→r radial 
parts of atomic Hartree-Fock one-electron wave functions. The following relation expresses the 
additional phase shift ( )l kδ∆ : 
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The factor )(kFl′  as a function of k oscillates due to interference between the direct photoelectron 
wave and its reflections from the fullerenes shell. This factor redistributes the resulting cross 
section as compared to that of the isolated atom but cannot change its value integrated over 
essential ω  region. 
 We obtain 
, 1( )Fnl lD ε ω±  in the frame of the RPAE. When the fullerene shell is presented by 
the potential (4), the following equation [10, 12]: 
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 Here 
, 1' | ( ) | ( )F Fnl ll D nl D εε ω ω±≡ , ' ' ' ( ')l lF F kε ≡ , d is the one-electron operator that 
describes photon-electron interaction in the dipole approximation; summation over vacant levels 
includes integration over continuous spectrum, lnε is the Fermi step function that is equal to 1 for 
nl F≤  and 0 for nl F> , where ( )F F≤ >  denotes occupied (vacant) atomic levels in the target 
atom; 0η → +  and the Coulomb interelectron interaction matrix element is defined as 
" ", ' | | ,l l U l nlε ε ε ′′′ ′′′ = 2" ", ' | / | ,l l r r l nlε ε ε< > ′′′ ′′′  - 2" ", ' | / | ,l l r r nl lε ε ε< > ′′′ ′′′ . In the latter 
formula notation of smaller (bigger) radiuses of ( )r r< > of interacting electron coordinates comes 
from the well-known expansion of the Coulomb interelectron interaction. The necessary details 
about solving (7) one can find in [9, 12]. 
 The cross section ( )ACnlσ ω  for nl-subshell photoionization is expressed via the partial 
amplitudes (1) using the following relation: 
 
( ) 2 2
, 1 , 15.738 [ | | ( 1) | | ] ,AC AC ACnl nl l nl ll D l D Mbε εσ ω ω − += + +                           (8) 
 
3. In our calculations 5 ;5nl p s= . As intermediate states in (7) as occupied we included the 
following states 5 ;5 , 4n l p s d′′ ′′ = . However, the main contribution in the considered frequency 
range comes from 4 ,d f pε ε−  transitions. 
 The equation (7) differs from RPAE equation for isolated atoms by the presence of factors 
' 'lFε  in the sums and in the integrand. So, at first glance their oscillations should be integrated 
over. It does not happen, however. 
 The results of calculations are presented in Fig. 1-3. Isolated atom cross-section is marked 
as “Xe free, RPAE”. If in the amplitude (1) ( )G ω  is neglected and 
, 1( )Fnl lD ε ω±  is substituted by 
, 1( )nl lD ε ω±  - solutions of (7) without factors ' 'lFε  under the sum, the cross-section marked 
“Xe@C60, RPAE” is obtained. Neglecting ( )G ω  we obtain from (7) the cross-section that is 
marked “Xe@C60, FRPAE”. Using complete amplitude given by (1), we obtain the cross-section 
that is marked “Xe@C60, GFRPAE”. 
 Fig. 1 displays the photoionization cross-section of 5p-electrons in Xe and Xe@C60 near 
and above the 4d threshold, from 4.5Ryω = till 9Ryω = . Prominent oscillations of endohedral 
cross-section relative to its values in isolated atom appear. Comparison of “Xe@C60, GFRPAE” 
with “Xe@C60, RPAE” cross-sections leaves no doubt that the effect is due to inclusion of 
reflection of photoelectron’s from the intermediate 4d-subshell excitations. It is seen also that the 
effect of the polarization factor ( )G ω  completely disappears at 5Ryω > . 
 Fig. 2 depicts the cross-section of 5p-electrons in Xe@C60 above the 5p threshold and up 
to 4Ryω = with account of photoelectrons reflection and photon beam modification. Data for 
isolated Xe are also presented. Here, contrary to Fig.1, close to 5p ionization threshold a 
profound maximum appeared called Giant endohedral resonance [6]. The important influence of 
( )G ω  is seen up to 4Ryω = . 
 Fig. 3 presents the photoionization cross-section of 5s-electrons in Xe@C60 near and above 
the 4d threshold. We see strong modifications due to 4d confinement resonances. The cross-
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section is, however, much smaller than in Fig. 1 and the difference between “Xe@C60, GFRPAE” 
and “Xe@C60, FRPAE” on one side and “Xe@C60, RPAE” cross-sections on the other is less 
pronounced than for 5p-electron, given in Fig. 1. It is interesting that the effect of polarization 
factor ( )G ω  leads to a powerful resonance very close to 5s threshold – at about 2Ry. It enhances 
essential also a maximum at 4Ry. 
 Results for photoionization of 5s-electrons of Xe@C60 obtained in [13] are presented also. 
There the finite-width instead of zero thickness potential (4) was used to represent the fullerenes 
shell action. It leads to considerably weaker and less pronounced structure. Although the finite 
width potential seems to be more realistic than (4) for 5p and 5s electrons in Xe@C60, special 
efforts must be undertaken [14] to reproduce with its help [8]. This is why we do believe that 
using (4) is not only simple but more reliable. 
4. We performed calculations of the photoionization cross-section of 5p and 5s electrons in the 
endohedral Xe@C60. We found that confinement resonances in virtual excitations of 4d Giant 
resonance affect strongly the cross-sections for transitions from 5p and 5s subshells. The results 
demonstrate extremely powerful effect played by confinement resonances in 4d upon 5p and 5s 
photoionization. At the same time, in shaping the resonance structure of the 5p and 5s cross-
sections the polarization factor is of importance. 
 The information that could come from studies of 5p and 5s cross-sections is of great interest 
and value. Thus, the experimental search for the predicted here cross-sections although being 
very complicated is desirable and promising. 
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Fig. 2. Photoionization cross-section of 5p-electrons in Xe@C60 above the 
5p threshold with account of photoelectrons reflection and photon beam 
modification. Data for isolated Xe are also presented. 
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Fig. 1. Photoionization cross-section of 5p-electrons in Xe@C60 near and 
above the 4d threshold with account of photoelectrons reflection and photon 
beam modification Data for isolated Xe are also presented. 
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Fig. 3. Photoionization cross-section of 5s-electrons in Xe@C60 near 
and above the 4d threshold with account of photoelectrons reflection 
and photon beam modification. Results from previous calculation [14] 
are given. Data for isolated Xe are also presented. 
 
